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S. typhimurium Encodes an Activator
of Rho GTPases that Induces Membrane Ruffling
and Nuclear Responses in Host Cells
nonphagocytic cells, such as intestinal epithelial cells, S.
typhimurium induces profound membrane ruffling and
actin cytoskeleton rearrangements (Takeuchi, 1967; Fin-
lay and Ruschkowski, 1991; Ginocchio et al., 1992), which
resemble responses stimulated by various agonists
Wolf-Dietrich Hardt,*§ Li-Mei Chen,*
Kornel E. Schuebel,² XoseÂ R. Bustelo,²
and Jorge E. GalaÂn*³
*Department of Molecular Genetics and Microbiology
²Department of Pathology
such as growth factors, hormones, or activated onco-School of Medicine
genes (Bar-Sagi and Feramisco, 1986; Ridley et al.,State University of New York at Stony Brook
1992). The membrane ruffling activity stimulated by Sal-Stony Brook, New York 11794-5222
monella is accompanied by profuse macropinocytosis
(Garcia±del Portillo and Finlay, 1994), which ultimately
directs the internalization of these bacteria into hostSummary
cells. Another important host cell response triggered by
S. typhimurium is the stimulation of proinflammatoryS. typhimurium stimulates signaling pathways leading
cytokine production (Hobbie et al., 1997). The action ofto membrane ruffling, actin cytoskeleton rearrange-
these cytokines is presumably essential for the estab-ments, and nuclear responses. The stimulation re-
lishment of the inflammatory diarrhea that most oftenquires a protein secretion system (type III) that translo-
follows Salmonella infections (Arnold et al., 1993).cates bacterial proteins into the host cell. We show
Studies have provided significant insights into the sig-that SopE, a substrate of this secretion system, stimu-
naling events induced by S. typhimurium that lead tolates cytoskeletal reorganization and JNK activation
both cytoskeletal and nuclear responses. For example,in a CDC42- and Rac-1-dependent manner. A lgt11
it has beenshown that calciumfluxes and the productioncDNA library screen for proteins that interact with
of arachidonic acid metabolites are required for Salmo-SopE identified Rac-1 and CDC42. Furthermore, puri-
nella-induced cytoskeletal rearrangements in intestinalfied SopE was shown to stimulate GDP/GTP nucleotide
epithelial cells (Pace et al., 1993). More recently, it wasexchange in several Rho GTPases in vitro, including
established that members of the Rho family of smallRac-1 and CDC42. These findings establish a paradigm
molecular weight GTP-binding proteins, in particularfor microbial stimulation of cellular responses in which
CDC42, and to a lesser extent Rac-1, play an essentialthe pathogen induces signaling events by directly en-
role inbacteria-stimulated actin cytoskeleton rearrange-gaging the signaling machinery within the host cell.
ments (Chen et al., 1996). In addition, the production of
proinflammatory cytokines induced by S. typhimuriumIntroduction
has been demonstrated to be due to the activation of
the transcription factors NF-kB and AP-1 as a conse-Microbial pathogens have evolved a variety of strategies
quence of the stimulation of the mitogen-activated pro-to subvert host cellular functions in order to secure their
tein kinases Erk, JNK, and p38 (Hobbie et al., 1997).
multiplication and survival. These strategies are often
These nuclear responses were also strictly dependent
very complex and highly fine-tuned, particularly in the
on the function of the invasion-associated type III secre-
case of pathogens that have coevolved or have had a
tion system since secretion-defective mutants failed to
long-standing association with their hosts (GalaÂn and
stimulate the MAP kinase pathways, the activation of
Bliska, 1996). An example of such a pathogen is Salmo-
transcription factors, and the production of cytokines.
nella typhimurium, which causes a variety of diseases
Interestingly, the small GTP-binding protein CDC42 was
in man and animals, ranging from localized gastroenteri- also shown to be required for these nuclear responses,
tis to more systemic, life-threatening illnesses such as
thereby placing signaling through Rho GTPases at the
typhoid fever. One of the most important features of S.
center of both Salmonella-induced cytoskeletal and nu-
typhimurium pathogenesis is its ability to engage host
clear responses (Chen et al., 1996).
cells in a two-way biochemical interaction (GalaÂ n and Despite considerable progress in the characterization
Bliska, 1996). Central to this interaction is the function of signal transduction pathways stimulated by S. typhi-
of a specialized protein secretion apparatus (type III) murium, the bacterial effector(s) delivered by the type
encoded at centisome 63 of the bacterial chromosome, III protein secretion system that are directly responsible
which is activated when the bacteria come in contact for the stimulation of these cellular responses have not
with host cells. The activated system directs the secre- been specifically identified. Many substrates of this pro-
tion and translocation into the target host cell of a num- tein secretion system have been identified (Collazo et
ber of bacterial proteins (Wood et al., 1996; Collazo and al., 1995; Kaniga et al., 1995a, 1995b, 1996; Li et al.,
GalaÂ n, 1997; Hardt and GalaÂn, 1997; Fuand GalaÂ n, 1998). 1995; Pegues et al., 1995; Wood et al., 1996; Hardt and
These proteins, in turn, are thought to be responsible GalaÂ n, 1997; Hardt et al., 1998), but it is clear that not
for the stimulation of signal transduction pathways that all are likely to be directly engaged in stimulating cellular
lead to a variety of host cell responses. For example, in responses. One of these proteins, SopE, is required for
efficient bacterial entry into host cells (Wood et al., 1996;
Hardt et al., 1998). We show here that SopE is indeed an³To whom correspondence should be addressed.
effector of cellular responses as it is capable of inducing§Present address: Max von Pettenkofer Institut fuÈ r Bakteriologie,
Pettenkoferstrasse 9a, 80336 Munich, Germany. both cytoskeletal and nuclear responses by stimulating
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GDP/GTP nucleotide exchange in Rho family of small JNK-1 activity was measured in an immunocomplex ki-
nase assay as described in the Experimental Proce-molecular weight GTP-binding proteins.
dures. Expression of SopE resulted in an efficient stimu-
lation of JNK-1 activity when compared to the vectorResults
control (Figure 2A). In contrast, transient expression of
SopE did not result in significant Erk activation (FigureSopE Induces Membrane Ruffling
2B). Equivalent results were obtained when cells werein Cultured Cells
transfected with full-length SopE (data not shown). TheseSopE is translocated into host cells upon bacterial infec-
results demonstrate that, like S. typhimurium, SopE istion and is required for efficient bacterial entry into host
capable of stimulating both cytoskeletal and nuclearcells (Wood et al., 1996; Hardt et al., 1998). In order
responses.to investigate the function of this protein without the
interference of other putative effectors delivered by S.
typhimurium into host cells, COS-1 cells were transiently SopE-Mediated Ruffling and Nuclear Responses
transfected with a dicistronic expression vector in which Are Dependent on CDC42 and Rac-1
cells expressing SopE could be identified by the coupled
We have previously shown that S. typhimurium±induced
expression of the green fluorescent protein (GFP) (Chen
cytoskeletal rearrangements and nuclear responses are
et al., 1996). As shown in Figure 1,I, expression of SopE
strictly dependent on the function of CDC42 and, to a
induced profuse membrane ruffling and actin cytoske-
lesser extent, Rac-1 (Chen et al., 1996). We therefore
leton reorganization, which resembled the responses
investigated whether SopE-mediated cellular responses
stimulated by S. typhimurium infection. However, incon-
were also dependent on the function of these GTPases.
trast to the bacteria-induced membrane ruffles, which
COS-1 cells were cotransfected with a plasmid vector
are localized to the point of bacteria/host cell contact
encoding M45-epitope-tagged SopE78±240 and a 2.5-fold(Takeuchi, 1967; Finlay and Falkow, 1990; Ginocchio et
excess of plasmids encoding dominant negative forms
al., 1992), the cytoskeletal rearrangements induced by
of either CDC42Hs (CDC42HsN17), Rac-1 (Rac-1N17),
SopE expression were distributed throughout the cell.
or H-Ras (H-RasN17). As shown in Figure 3A, expression
In this sense, the SopE-induced ruffles more closely
of CDC42HsN17 or Rac-1N17 completely abrogated the
resembled the actin cytoskeleton changes evoked by
cytoskeletal rearrangements induced by SopE78±240. Inthe expression of constitutively active Rac-1 (Ridley et
contrast, cotransfection with RasN17 or the vector con-
al., 1992; data not shown). Expression of an M45-epi-
trol had no effect on SopE-mediated membrane ruffling
tope-tagged derivative of SopE (SopE78±240) lacking its and cytoskeletal reorganization (Figure 3A). These results
secretion and translocation signals also induced pro-
indicate that, as for S. typhimurium±induced cellular re-
fuse ruffling activity, indicating that these functional do-
sponses, SopE-mediated actin cytoskeleton rearrange-
mains are not necessary for the effector function of this
ments are dependent on the function of the Rho-like
protein (Figure 1,I). In contrast, expression of SopE115±240 GTPases CDC42 and Rac-1 but do not require the func-
(Figure 1,I) or SopE1±205 (data not shown) failed to stimu- tion of Ras.We then investigated whether SopE-induced
late membrane ruffling. To characterize further the ruf-
JNK activation was also dependent on CDC42 and Rac-1.
fling activity of SopE, COS-1 cells were microinjected
COS-1 cells were transfected with a vector encoding
with purified GST±SopE78±240 and examined by time- Flag-epitope-tagged JNK-1along with vectors encoding
lapse video microscopy. Prominent lamellopodia and
SopE78±240 and different amounts of either CDC42HsN17,profuse ruffling activity were observed as early as 5 min
Rac-1N17, or the empty vector control. Cotransfection
after microinjection and continued steadily for as long
of SopE with dominant negative forms of CDC42Hs or
as 60 min (Figure 1,II). Rhodamine-phalloidin staining of
Rac-1 effectively blocked JNK activation (Figure 3B),
GST±SopE78±240-microinjected cells confirmed the induc- implicating these GTPases in the SopE-mediated nu-
tion of marked actin cytoskeleton rearrangements by
clear responses. Taken together, these results indicate
the microinjected protein (Figure 1,II). Microinjection of
that SopE exerts its function either directly on these
the same concentration of purified GST protein alone
members of theRho family of GTPases or on elements of
had no effect on the actin cytoskeleton of COS-1 cells
a signaling pathway upstream of these small G proteins.
(data not shown). These results demonstrate that SopE
is capable of inducing very rapid actin cytoskeleton re-
arrangements and membrane ruffling, implicating this SopE-Mediated Ruffling Directs the Internalization
protein as an effector of similar responses induced by of Invasion-Defective S. typhimurium
S. typhimurium. S. typhimurium entry into host cells is dependent on the
ability of the bacterium to induce membrane ruffling in
infected cells. S. typhimurium strains that carry loss-SopE Induces JNK Activation
We have previously shown that, in addition to cytoskele- of-function mutations in components of the invasion-
associated type III secretion system are incapable oftal rearrangements, S. typhimurium stimulates nuclear
responses in cultured cells (Chen et al., 1996; Hobbie inducing membrane ruffling and therefore are unable to
enter into host cells (GalaÂ n et al., 1992; Ginocchio et al.,et al., 1997). We therefore investigated the possibility
that SopE was capable of stimulating nuclear responses 1992). We investigated whether the membrane ruffling
activity induced by SopE was sufficient to allow thein cultured cells. COS-1 cells were cotransfected with
a vector encoding a Flag-epitope-tagged JNK-1 and a internalization of an invasion-defective mutant strain of
S. typhimurium. COS-1 cells were transfected with avector encodingM45-epitope-tagged SopE78±240, and the
Bacterial Activator of Rho GTPases
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Figure 1. SopE Induces Membrane Ruffling and Cytoskeletal Rearrangements
(I) COS-1 cells were transfected with either a dicistronic vector encoding SopE and GFP (pSB1141) (B and F), the GFP vector alone (pSB965)
(A and E), a vector encoding either an M45 epitope-tagged SopE78±240 (pSB1186) (C and G), or an M45 epitope-tagged SopE115±240 (pSB1187)
(D and H). Thirty-six hours after transfection, the actin cytoskeleton and DNA were visualized by staining with rhodamine-labeled phalloidin
and DAPI (A±D), and transfected cells were identified by visualizing either the GFP (E and F) or by staining with a monoclonal antibody directed
to the M45 tag (G and H).
(II) COS-1 cells were microinjected with purified GST±SopE78±240 (1 mg/ml in microinjection buffer) and cells observed by time lapse video
microscopy (A) or by staining with rhodamine-phalloidin (to visualize the actin cytoskeleton) and anti-GST monoclonal antibody followed by
a FITC-labeled anti-mouse antibody (to identify microinjected cells) (B) 45 min after microinjection.
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and GST±SopE59±240, indicating that the secretion and
translocation domains of this protein are not required
for binding (Figure 5B). Preincubation of the filters with
an excess of unlabeled GST±SopE78±240 effectively pre-
vented binding of the radiolabeled SopE probe (data not
shown). In contrast, preincubation of filters with GST
alone had no effect on SopE-binding activity (data not
shown). These results confirmed that SopE binds specif-
ically to the recombinant bacteriophage proteins. A 0.8
kb insert of one of the recombinant lgt11 bacterio-
phages (clone #42) was subcloned and its entire nucleo-
tide sequence was determined. Nucleotide sequenceFigure 2. SopE Induces JNK Activation
analysis revealed the presence of an open reading frameCOS-1 cells were cotransfected with a vector encoding a Flag epi-
tope-tagged JNK-1 (A) or HA-tagged Erk2 (B) and a vector encoding encoding full-length Rac-1. The rest of the lgt11 positive
M45 epitope-tagged SopE78±240 (pSB1186). The JNK-1 (A) and Erk clones were analyzed by high-stringency DNA blot hy-
(B) activities were measured in an immunocomplex kinase assay. bridization using full-length DNA sequences encoding
H-RasV12 was used as a positive control for Erk2 activation (B).
the small GTP-binding proteins Rac-1 and CDC42Hs asSubstrate phosphorylation was measured with a phosphorimager
probes. Six additional recombinant bacteriophages (#1,and relative values are shown below each lane. Expression levels
6, 7, 9, 10, and 15) exhibited strong hybridization to theof Flag-JNK, HA-Erk2, M45-SopE, and T7-H-RasV12 in the different
lysates were determined by immunoblot analyses with the appro- Rac-1 probe, indicating that these phages encode either
priate antibodies. Rac-1 or a very closely related protein (i.e., Rac-2) (Fig-
ure 5C). The remaining recombinant phage (#13) exhib-
ited strong hybridization to the CDC42Hs probe (Figure
SopE-GFP dicistronic expression vector and subse- 5C). Nucleotide sequence analysis of this clone con-
quently infected with a noninvasive mutant strain of S. firmed that it encodes CDC42Hs.
typhimurium carrying a null mutation in invG, an essen- The specificity of the binding of SopE to these small
tial component of the invasion-associated type III pro- GTPases was tested in a competition assay. Preincuba-
tein secretion system (Kaniga et al., 1994). As shown in tion of the 32P-labeled SopE probe with an excess of
Figure 4, SopE expression led to the efficient internaliza- unlabeled GST±CDC42 (Figure 5D) or GST±Rac-1 (data
tion of the invasion-defective S. typhimurium invG mu- not shown) prevented SopE binding to recombinant
tant strain into transfected cells. In contrast, transfection lgt11 plaque filter lifts. In contrast, preincubation with
of cells with the empty vector alone did not lead to purified unlabeled GST±H-Ras had no effect on SopE
measurable bacterial internalization (Figure 4B, control binding (Figure 5D). Small GTP-binding proteins can ex-
lane). Cotransfection of cells with the dicistronic plasmid ist in at least three different conformations: nucleotide-
encodingSopE and anexcessofplasmidsencoding domi- free, GTP-bound, or GDP-bound states (Bourne et al.,
nant negative alleles of either CDC42Hs (CDC42HsN17) 1990). To determine if the status of nucleotide binding
or Rac-1 (Rac1N17) effectively prevented bacterial inter- of the small GTP-binding proteins would influence their
nalization (Figure 4). In contrast, cotransfection with interaction with SopE, we tested the effect of the addi-
dominant negative H-Ras (H-RasN17) had no effect on tion of the nonhydrolyzable nucleotide GTP-g-S or GDP
SopE-mediated S. typhimurium internalization (Figure to the binding reaction. As shown in Figure 5D, addition
4). These results indicate that SopE-mediated ruffling is of 20 mM of GTP-g-S or GDP significantly reduced bind-
capable of inducing bacterial internalization and that ing of SopE to the recombinant bacteriophage plaques,
such activity is dependent on the function of CDC42 indicating that SopE preferentially interacts with the nu-
and/or Rac-1. cleotide-free form of these GTPases. Taken together,
these results show that SopE can interact directly and
Identification of the Cellular Targets of SopE specifically with Rac-1 and CDC42Hs, strongly sug-
The observations that SopE is translocated into host gesting that these small GTP-binding proteins are the
cells during S. typhimurium infection (Wood et al., 1996) cellular targets for this bacterial effector.
and that this protein is capable of stimulating cellular
responses in a CDC42- and Rac-1-dependent manner
strongly suggest that SopE is an effector that exerts its SopE Stimulates GDP/GTP Nucleotide Exchange
in Members of the Rho Subfamilyfunction by acting directly on these GTPases or on host
cell targets located upstream of these small G proteins. of GTPase In Vitro
Activation of GTP-binding proteins during signal trans-To gain insight into the mechanisms by which SopE
exerts its function, we screened a lgt11 HeLa cell cDNA duction occurs through their direct interaction with pro-
teins that influence their guanine nucleotide bindinglibrary for cellular proteins that could interact directly
with this bacterial protein. Approximately 1.1 3 106 re- state (Boguski and McCormick, 1993). The results indi-
cating that SopE-induced cellular responses were de-combinant bacteriophage plaques were screened using
32P-labeled SopE as a probe (see Experimental Proce- pendent on the function of CDC42 and Rac-1, coupled
to the finding that SopE can directly bind to thesedures). In total, eight recombinant bacteriophage plaques
that displayed binding activity toward SopE were iso- GTPases, prompted us to investigate whether SopE
could influence the GDP/GTP exchange of these GTP-lated from this library (Figure 5). Purified plaques exhib-
ited equal binding activity to full-length 32P-labeled SopE binding proteins. First, we studied the ability of a GST±
Bacterial Activator of Rho GTPases
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Figure 3. SopE-Mediated Ruffling and Nuclear Responses Are Dependent on CDC42 and Rac-1
(A) COS-1 cells were cotransfected with a plasmid vector encoding M45 epitope-tagged SopE78±240 and a 2.5-fold excess of plasmids encoding
dominant negative forms of either CDC42Hs (CDC42HsN17), Rac-1 (Rac-1N17), or H-Ras (H-RasN17), or the vector alone. Forty-eight hours
after transfection, cells were stained with rhodamine-labeled phalloidin and DAPI to observe the actin cytoskeleton and DNA (top panels),
with the M45 monoclonal antibody to identify SopE-transfected cells (bottom panels), or with anti T-7 epitope monoclonal antibody to identify
H-RasN17 (bottom right panel).
(B) COS-1 cells were transfected with a vector encoding Flag epitope-tagged JNK-1 along with vectors encoding SopE78±240 and different
amounts of either CDC42HsN17, Rac-1N17, or the empty vector control. The JNK-1 activity was measured in an immunocomplex kinase
assay.
SopE78±240 to induce the release of [3H]GDP from Rac-1. release induced by SopE and EDTA after 45 min was
similar, although the kinetics of nucleotide release wereFor comparative purposes, we included in these experi-
ments parallel incubations of Rac-1 with EDTA, a com- significantly faster with EDTA (t1/2,5 min) (Figure 6A).
To corroborate the activity of SopE with a different ex-pound that induces the release of bound nucleotides
due to the chelation of Mg21. As shown in Figure 7A, perimental approach, we measured the incorporation of
[35S]GTP-g-S molecules into GDP-loaded Rac-1 in thethe incubation of Rac-1 with buffer alone led to a slow
release of the labeled nucleotide even after 45 min at presence of SopE.Under these experimental conditions,
GST±SopE78±240 was also able to enhance the exchangeroom temperature (t1/2.45 min). By contrast, the inclu-
sion of SopE protein in the reaction led to the rapid of nucleotides in Rac-1 (Figure 6B). Titration experi-
ments showed that this activity was proportional to therelease of [3H]GDP from Rac-1 ina time-dependentman-
ner (t1/2≈10 min) (Figure 6A). The total amount of [3H]GDP concentration of SopE present in the reactions and that
Cell
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with its biological activity in vivo, we compared the nu-
cleotide exchange activity of GST±SopE78±240 with that
of a mutantversion of SopE (SopE115±240) that was inactive
in vivo (see above, Figure 1). Both SopE proteins were
simultaneously purified from the respective Escherichia
coli strains and subsequently tested for nucleotide ex-
change on Rac-1 using both [3H]GDP release and [35S]GTP
incorporation assays. As shown in Figure 6D, in contrast
to GST±SopE78±240, the in vivo inactive GST±SopE115±240
protein was capable of inducing only a marginal ex-
change of nucleotides on Rac-1 in both experimental
conditions, establishing a correlation between the in
vitro and in vivo activities of SopE.
The finding that SopE can also bind to CDC42 and
that the SopE-induced responses required the function
of this GTP-binding protein but not H-Ras (see above)
prompted us to investigate the specificity of the SopE
activity toward other GTPases. We examined the nucle-
otide exchange activity of GST±SopE78±240 on representa-
tive members of the Rho family (Rac-1, Rac-2, RhoA,
RhoB, RhoC, RhoG, and CDC42) and more distantly
related GTPases (H-Ras, TC21, and Ran). As illustrated
in Figure 7A, SopE stimulated GTP/GDP exchange in
Rac-1, Rac-2, CDC42, RhoG, and to a lesser extent,
RhoA. In contrast, SopE did not induce significant nucle-
otide exchange on RhoB, RhoC, Ran, H-Ras, or TC21
under identical experimental conditions (Figure 7A and
7B). Similar specificity was observed when the wild-type
SopE protein was used in these assays (data not shown).
These results demonstrate that SopE can stimulate
nucleotide exchange in vitro in a specific subset of
GTPases of the Rho subfamily.
Discussion
S. typhimurium stimulates host cell signal transduction
pathways that lead to cytoskeletal and nuclear re-
sponses (Chen et al., 1996; Hobbie et al., 1997). These
responses are essential for the pathogenicity of these
Figure 4. SopE-Mediated Ruffling Directs the Internalization of Inva- bacteria as they result in bacterial internalization into
sion-Defective S. typhimurium in a CDC42- and Rac-1-Dependent host cells and the production of proinflammatory cyto-
Manner kines, which contributes to the induction of diarrhea.
(A) COS-1 cells were cotransfected with a SopE-GFP dicistronic The ability of Salmonella to stimulate these responses
expression vector and an excess of plasmids encoding dominant
is strictly dependent on the function of a complexnegative alleles of CDC42 (CDC42HsN17), Rac-1 (Rac-1N17), H-Ras
specialized protein secretion and translocation system(H-RasN17), or the vector control. Forty-eight hours after transfec-
tion, cells were infected for 1 hr with a noninvasive mutant strain of (termed type III) encoded by a pathogenicity island at
S. typhimurium, and bacterial invasion was analyzed using a staining centisome 63 of its chromosome (GalaÂn, 1996). The re-
protocol that allows the discrimination between intracellular and
quirement of this protein secretion system implies thatextracellular bacteria (see Experimental Procedures). When exam-
these bacteria must deliver into the host cell the ef-ined under the fluorescence microscope with a dual wavelength
filter, extracellular bacteria appear green (due to the stronger signal fector molecule(s) responsible for triggering the signal-
provided by the FITC conjugate) and intracellular bacteria appear ing events that lead to cellular responses. The identifica-
red. tion of such effector(s), however, has remained elusive.
(B) The internalization of noninvasive S. typhimurium mediated by
In the present study, we describe the identification ofSopE was determined by examining the percent of SopE-transfected
SopE, one of the substrates of this protein secretioncells that harbored three or more internalized bacteria. As a negative
control (control), cells were transfectedwith a plasmid vector encod- system, as an effector molecule capable of stimulating
ing GFP. The values represent the means and standard deviation both cytoskeletal and nuclear responses in the host cell.
from three independent experiments. At least 300 independent
Transient expression or microinjection of SopE intoSopE-transfected cells were evaluated in each experiment.
cultured cells resulted in the induction of rapid and pro-
nounced membrane ruffling and actin cytoskeleton re-
arrangements. These morphological changes resemblednucleotide exchange occurred even at 28-fold molar
excess of Rac-1 over SopE (Figure 6C). those induced by S. typhimurium infection (Takeuchi,
1967; Finlay and Ruschkowski, 1991; Ginocchio et al.,To correlate the biochemical activity of SopE in vitro
Bacterial Activator of Rho GTPases
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Figure 5. Identification of SopE-Interacting Proteins
(A) Screening of a lgt11 HeLa cell cDNA library for SopE-interacting proteins. Eight recombinant bacteriophage plaques that displayed binding
activity toward 32P-SopE were identified from this library (clones #13 and #42 shown). Positive plaques were purified (shown on the right) and
further tested for SopE-binding activity.
(B) Binding of purified recombinant lgt11 bacteriophage plaques to full-length 32P-labeled SopE and GST±SopE(59±240). Control plaques were
obtained by plating a lgt11 recombinant bacteriophage with an irrelevant insert.
(C) Hybridization of DNA from purified lgt11 recombinant clones to CDC42Hs and Rac-1 DNA probes.
(D) SopE binding to recombinant clones measured in a competition assay. The binding of 32P-labeled SopE to the different recombinant clones
was measured in the absence (control) or presence of an excess of purified unlabeled GST±CDC42, GST±H-Ras, or 20 mM of GTP-g-S or
GDP (see the Experimental Procedures).
1992). However, in contrast to the Salmonella-induced membrane ruffles tended to be distributed throughout
the cell. This difference may simply reflect the moremembrane ruffles, which tend to be localized to the
point of bacteria±host cell contact, the SopE-induced localized nature of the signal delivered by the bacterium
Cell
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Figure 6. SopE Stimulates Nucleotide Exchange in Rac-1 in Vitro
(A) SopE-mediated release of [3H]GDP from Rac-1. [3H]GDP-loaded GST±Rac-1 (60 pmol) was incubated in the absence (circles) or presence
(squares) of 6.5 pmol of SopE78±240, or in the presence of 10 mM EDTA (triangles). The GDP release at the indicated times was determined in
duplicate using a filter immobilization assay. Error bars represent the SD of four independent experiments conducted with the same batch
of purified GST±SopE78±240 protein.
(B) SopE-mediated incorporation of GTP into GDP-loaded Rac-1. GDP-loaded Rac-1 (15 pmol) was incubated with 5 mM [35S]GTP-g-S in the
presence (squares) or absence (circles) of 6.5 pmol of GST±SopE78±240. At each time point, aliquots were taken in duplicate, and the GTP bound
to Rac-1 was evaluated in a filter immobilization assay (see the Experimental Procedures). Several repetitions of this experiment yielded
equivalent results.
(C) Concentration dependence of the effect of SopE on Rac-1. GDP-loaded GST±Rac-1 (15 pmol) was incubated with 5 mM [35S]GTP-g-S and
the indicated amounts of GST±SopE78±240. After 45 min, duplicate aliquots were used to determine the [35S]GTP-g-S bound to Rac-1. The basal
level of GTP incorporation into Rac-1 obtained when incubated with buffer alone (10,957 cpm) was subtracted from the final values.
(D) GDP/GTP exchange activity of a SopE mutant impaired in its ability to induce membrane ruffling and nuclear responses. (Left panel)
[3H]GDP-loaded GST±Rac-1 (60 pmol) was incubated either alone (circles) or in the presence of 6.5 pmol of GST±SopE78±240 (squares) or 6.5
pmol of GST±SopE115±240 (triangles) and the [3H]GDP release determined as indicated above. (Right panel) GDP-loaded GST±Rac-1 (15 pmol)
was incubated either alone (none) or with the indicated GST±SopE proteins (6.5 pmol) in the presence of 5 mM [35S]GTP-g-S. After 45 min,
duplicate aliquots were used to determine the incorporation of GTP molecules under each condition.
in contrast to the more diffuse localization of the effector that requires the function of the invasion-associated
type III secretion system (Hobbie et al., 1997). Activationmolecule delivered by either transfection or microinjec-
tion. In fact, despite the differences in the distribution of these kinases leads to the nuclear responses that
ultimately mediate proinflammatory cytokine produc-of the cytoskeletal rearrangements, the SopE-induced
ruffles were very efficient at mediating the internalization tion. We have shown in this study that transient expres-
sion of SopE also leads to JNK activation, indicating thatof a noninvasive S. typhimurium mutant strain. These
results further demonstrate the close similarity between this protein is capable of stimulating signaling pathways
that can lead to both nuclear and morphological re-SopE-mediated and bacteria-induced membrane ruffles.
In addition to actin cytoskeleton rearrangements, S. sponses. These results also indicate that S. typhimurium
may use the same effector to stimulate two distincttyphimurium infection results in the stimulation of the
three MAP kinase modules, Erk, JNK, and p38, a process types of responses in the host cell.
Bacterial Activator of Rho GTPases
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Figure 7. SopE Stimulates Nucleotide Exchange in Several Rho GTPases In Vitro
Fifteen picomoles of the indicated GDP-loaded GTPases of the Rho (A) or distantly related (B) families were incubated either in the absence
(open boxes) or in the presence (closed boxes) of 6.5 pmol of GST±SopE78±240 in the presence of 5 mM [35S]GTP-g-S. After 45 min, duplicate
aliquots were removed to evaluate the binding of [35S]GTP-g-S to each GTPase as described in Figure 6.
Small molecular weightGTP-binding proteins regulate similarity with either Rho GDSs or DH-containing pro-
teins (Hardt et al., 1998), suggesting that it may exertdiverse signaling pathways leading to a large variety of
cellular responses. Central to their function is the ability its activity via different structural constraints as those
required for the function of the eukaryotic exchangeto cycle between a GTP-bound (active) and a GDP-
bound (inactive) conformation, allowing them to function factors. Alternatively, it is possible that despite the lack
of primary sequence similarity, the tertiary structure ofas molecularswitches that control a large array of signal-
ing events in a temporal and spatial manner (Bourne et SopE may have some resemblance to that of those ex-
change factors.al., 1990). The Rho subfamily of small G proteins has
been implicated in the regulation of signaling pathways The biochemical characterization of SopE has revealed
some overlapping properties with GDSs and DH-con-that specifically lead to cytoskeletal reorganization as
well as nuclear and mitogenic responses (Hotchin and taining GEFs. For instance, like DH-containing proteins,
SopE activity is limited to the Rho subfamily of GTPasesHall, 1996). We have previously shown that the induction
of both cytoskeletal and nuclear responses by S. typhi- and does not require the prenylation of the GTPases for
efficient exchange activity. Furthermore, SopE appearsmurium requires the function of at least two members
of this family of proteins, CDC42, and to a lesser extent, to bind preferentially to the nucleotide-free form of the
GTPases and promote nucleotide exchange at substoi-Rac-1 (Chen et al., 1996). Consistent with this finding,
we have shown here that SopE-induced cellular re- chiometric concentrations, both properties observed in
DH-containing exchange factors (Cerione and Zheng,sponses are also dependent on the function of these
two small GTP-binding proteins. The function of these 1996) but not in GDSs (Xu et al., 1997). On the other
hand, SopE promotes a more efficient [3H]GDP releaseGTPases is regulated by proteins that influence their
guanine nucleotide binding state. Thus, regulatory pro- from wild-type Rac-1 than from Rac-1L61, a missense
mutant affecting a residue in the switch-2 region of thisteins have been identified that stimulate the intrinsic
GTPase activity of small Gproteins (GAPs), inhibit (GDIs) GTPase (our own unpublished data). Such a behavior is
not observed on DH-containing proteins (Li and Zheng,or stimulate (GDSs) nucleotide dissociation, or stimulate
the exchange of GDP for GTP (GEFs) (Boguski and 1997) but has been previously reported for the interac-
tion of smgGDS with Rac-2 (Xu et al., 1997). Therefore,McCormick, 1993). We have presented evidence that
demonstrates that SopE can activate several members according to its biochemical properties, SopE cannot
be assigned unequivocally to either of these two familiesof the Rho subfamily of GTPases in vitro. SopE was
able to induce both the binding of [35S]GTP-g-S to GDP- of eukaryotic exchange factors.
SopE activates several GTPases of the Rho subfamilyloaded Rac-1 as well as the release of [3H]GDP from
Rac-1. The SopE activity in vitro was observed with in vitro. This includes not only CDC42 and Rac-1, which
have been implicated inS. typhimurium±induced cellularseveral (but not all) members of the Rho subfamily of
GTPases, but not with more distantly related GTPases responses (Chen et al., 1996), but also other small G
proteins, such as RhoA and RhoG, for which a role insuch as H-Ras, TC21, and Ran, indicating specificity of
SopE for a subset of substrates. bacteria-induced signaling has not been described. It
is therefore possible that SopE may not engage theseAll GEFs for GTPases from the Rho family share an
z200-amino acid motif, the Dbl homology domain (DH), Rho GTPases in vivo. Alternatively, bacteria-induced
signaling events requiring these GTPases may not havefollowed by a second z100-amino acid signaling motif,
the pleckstrin homology domain (PH) (Feig, 1994; Ceri- been identified as yet.
Expression of a dominant-interfering mutant of Rac-1one and Zheng, 1996). Amino acid sequence compari-
sons indicate that SopE does not share any significant (Rac-1N17) blocked SopE-induced cellular responses.
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Purification of GST Fusion ProteinsIn contrast, expression of the same Rac-1 mutant either
Purification of GST fusion proteins was carried out as describedpartially blocked S. typhimurium±induced cellular re-
elsewhere (Guan and Dixon, 1991) with minor modifications. Elutedsponses (Chen et al., 1996) or, under some experimental
proteins were dialyzed against a buffer containing 10 mM Tris-HCl
conditions, had no effect on bacterial entry (Jones et al., (pH 8.0), 5 mM MgCl2, 5 mM EDTA, 10% glycerol (GST±GTPase
1993). This indicates that S. typhimurium must encode fusions) or PBS, 5 mM DTT (GST±SopE fusions) and concentrated
by filtration through a Centriplus-30 membrane (Amicon). The qualityanother effector molecule also capable of engaging sig-
and concentration of the fusion protein preparations was deter-naling pathways most likely regulated by CDC42 since
mined by SDS-PAGE analyses and Coomassie blue staining withexpression of dominant negative mutant of this GTPase
serial dilutions of a BSA solution of known concentration as acompletely abrogates bacteria-induced signaling (Chen
standard.
et al., 1996). Consistent with this notion is the observa-
tion that although a loss-of-function mutation in sopE Cell Microinjection and Transfection
renders S. typhimurium defective for signaling, these Cell transfection, microinjection, and immunofluorescence micros-
copy was carried out as previously described (Collazo and GalaÂn,bacteria still retain signaling capacity (Wood et al., 1996;
1997; Hobbie et al., 1997; Fu and GalaÂn, 1998).Hardt et al., 1998). Such an effector molecule(s) must
also be a target of the centisome 63 type III secretion
Bacterial Internalization Assay
system, as S. typhimurium mutants defective in this To measure the SopE-mediated internalization of noninvasive bac-
system are completely unable to induce cellular re- teria, COS-1 cells were grown on glass coverslips and transfected
sponses (Ginocchio et al., 1992; Pace et al., 1993; Hob- with a total of 1 mg of DNA of a dicistronic vector expressing SopE
and GFP as described above. Forty-eight hours after transfection,bie et al., 1997).
the cells were washed and infected at a multiplicity of infection ofWe have described here the characterization of an S.
20 with the noninvasive S. typhimurium invG mutant strain SB161typhimurium effector molecule that, upon delivery into
(Kaniga et al., 1994). After 1 hr of infection, cells were washed andthe host cell via a type III secretion apparatus, is capable internalized bacteria detected using a staining protocol that allows
of activating signaling pathways through Rho GTPases by the distinction between extracellular and intracellular bacteria (Chen
stimulating nucleotide exchange. These signaling events et al., 1996). Cells expressing SopE were identified by the coupled
expression of the GFP. When examining the effect of dominantlead to nuclear and cytoskeletal responses equivalent
negative CDC42HsN17 or Rac-1N17, cells were cotransfected withto those induced by the bacterium. Thus, unlike other
a 3-fold excess of plasmids expressing these proteins relative tobacterial pathogens that induce signaling events by en-
the dicistronic vector expressing SopE.
gaging cell surface receptors, the results described here
establish a paradigm in which the pathogen induces JNK and Erk Kinase Assays
signaling events by directly engaging the signaling ma- COS-1 cells were grown in 6 cm tissue culture dishes and
chinery within the host cell through the delivery of an transfected by the calcium phosphate method using a total of 10
mg of DNA. The amounts of the different plasmids used in the trans-effector protein.
fections were as follows: 4 mg of pcDNA3-Flag-JNK, 1 mg of pSB1186
(M45-SopE), 1±2 mg pcDNA3-CDC42N17, 0.5±1 mg pCGT7rac-1N17,Experimental Procedures
1 mg pHA-Erk2, 0.5 mg pCGT-H-RasV12, or equivalent amounts of
the respective vector DNAs. Cell lysates were harvested 40±44 hrBacterial Strains and Plasmids
after transfection and the levels of JNK and Erk kinase activity mea-The wild-type S. typhimurium strain SL1344 and its isogenic mutant
sured by an immunocomplex kinase assay as described elsewherederivative strain SB161, which carries a nonpolar mutation in the
(Bagrodia et al., 1995).invG gene, have been previously described (Kaniga et al., 1994).
Plasmid pSB1141 encodes the full-length sopE in the first cistron
lgt11 HeLa cDNA Library Screeningand the green fluorescent protein in the second cistron (Chen et al.,
Purification and 32P labeling of the SopE protein probe were carried1996). Plasmid pSB1186 expresses under the control of an SV40
out as follows. A form of SopE encoded by the plasmid pSB1181early gene promoter a derivative of SopE that lacks the first 78
(see above) carrying a phosphorylation site for the 39,59-cAMP-amino acids containing its secretion and translocation signals
dependent protein kinase at its carboxy terminus was purified from(W.-D. H. and J. E. G., unpublished data) and is tagged at its carboxy
culture supernatants of the nonflagellated S. typhimurium strainterminus with an M45 epitope. Absence of the secretion and translo-
SB245. This strain carries loss-of-function mutations in the genescation signals improves the expression of sopE in eukaryotic cells
encoding all major substrates of the centisome 63 type III secretionbut has no observable effect on the cellular responses induced by
system (K. Kaniga and J. E. G., unpublished data), and the SopEthis protein. The M45 epitope (MDRSRDRLPPFETETRIL) is derived
protein constituted more than 90% of the total protein inthe prepara-from the E4±6/7 protein of adenovirus (Obert et al., 1994). Plasmid
tion (data not shown). Labeling of the purified SopE protein waspSB1187 expresses M45 epitope-tagged SopE115±240 under the con-
carried out as previously described (Rashidbaigi et al., 1985) withtrol of an SV40 early gene promoter. Plasmid pSB1188 and pSB1330
minor modifications. Autoradiography of analytical SDS-PAGE gelsare derivatives of pGEX plasmid vectors (Guan and Dixon, 1991),
was used to verify that SopE was the only major protein labeled inwhich encode fusion proteins between glutathione S-transferase
the preparation. The screening of the lgt11 HeLa cDNA Library(GST) and residues 78±240 or 115±240 of SopE, respectively. Plas-
(Clontech) was carried out as recommended by the manufacturer.mid pSB1181 encodes full-length SopE with an M45 epitope tag and
DNA from recombinant bacteriophages was obtained from platea phosphorylation site (RRASV) for 39,59-cAMP-dependent protein
lysates following standard procedures; cDNA inserts were retrievedkinase from bovine heart muscle at the carboxy terminus (Rashid-
by digestion with BsiWI, cloned into the Acc65I site of pBluescriptbaigi et al., 1985). In this plasmid, sopE is expressed under the
SKII1, and sequenced using primers derived from lgt11 sequencescontrol of the PBAD promoter (Guzman et al., 1985). Plasmid pSB1190
upstream and downstream from the cloning site.is a derivative of pGEX-KG, which encodes a fusion protein between
GST and residues 59±240 of SopE carrying a 39,59-cAMP-dependent
Bacteriophage Plaque Binding Assayprotein kinase phosphorylation site. Plasmids encoding CDC42N17
One microliter of purified recombinant lgt11 bacteriophage suspen-and RacN17 are derivatives of pcDNA3 and have been described
sions (z2 3 107 pfu/ml) was dotted onto a soft agarose-overlayedelsewhere (Chen et al., 1996). Plasmids expressing GST fusions to
lawn of E. coli strain Y1090r2 and incubated at 428C for 2 hr. ACDC42, Rac-1, Rac-2, RhoA, RhoB, RhoC, RhoG, Ran, H-Ras, and
nitrocellulose filter pretreated with a solution of IPTG (10 mM) wasTC21 are all derivatives of pGEX-KG and have been described else-
where (Crespo et al., 1997). then placed on top of each plate and incubated at 378C for 4 hr.
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Filters were removed, washed extensively in blocking buffer (10 mM Collazo, C., and GalaÂn, J.E. (1997). The invasion-associated type III
system of Salmonella typhimurium directs the translocation of SipMgCl2, 0.1% NP40, 2% BSA in PBS), and incubated in the same
buffer overnight at 48C. Filters were then probed with 32P-labeled proteins into the host cell. Mol. Microbiol. 24, 747±756.
SopE (specific activity ca. 2 3 107 dpm/microgram) in blocking buffer Collazo, C.M., Zierler, M.K., and GalaÂn, J.E. (1995). Functional analy-
for 4 hr at room temperature. In competition assays, the appropriate sis of the Salmonella typhimurium invasion genes invI and invJ and
purified proteins (final concentration 3 mg/ml), GDP, or GTP-g-S identification of a target of the protein secretion apparatus encoded
(final concentration 20 mM) was added to the binding reaction. Filters in the inv locus. Mol. Microbiol. 15, 25±38.
were washed extensively with blocking buffer, dried, and examined Crespo, P., Schuebel, K.E., Ostrom, A.A., Gutkind, J.S., and Bustelo,
by autoradiography. X.R. (1997). Phosphotyrosine-dependent activation of Rac-1 GDP/
GTP exchange by the vav proto-oncogene product. Nature 385,
GDP/GTP Exchange Assays 169±172.
For [35S]GTP-g-S incorporation assays, the different GTP-binding Feig, L.A. (1994). Guanine-nucleotide exchange factors: a family of
proteins (60 pmol) were incubated at room temperature for 30 min positive regulators of Ras and related GTPases. Curr. Opin. Cell
in loading buffer (20 mM Tris-HCl [pH 7.5], 5 mM GDP, 50 mM NaCl, Biol. 6, 204±211.
3 mM MgCl2, 0.1 mM DTT, 0.1 mM EDTA). Exchange reactions were
Finlay, B.B., and Falkow, S. (1990). Salmonella interactions withthen conducted at room temperature in 200 ml of exchange buffer
polarized human intestinal Caco-2 epithelial cells. J. Infect. Dis. 162,(20 mM Tris-HCl [pH 7.5], 10 mM MgCl2, 0.5 mM DTT, 100 mM NaCl,
1096±1106.0.5 mg/ml BSA, 5 mM [35S]GTP-g-S) containing 15 pmol of the GDP-
Finlay, B.B., and Ruschkowski, S. (1991). Cytoskeletal rearrange-loaded GTP-binding protein and, when appropriate, the indicated
ments accompanying Salmonella entry into epithelial cells. J. Cell.amounts of either GST±SopE78±240 or full-length SopE. At the indi-
Sci. 99, 283±296.cated times, aliquots of the reaction were removed in duplicates
and passed through nitrocellulose filters (HAWPO25, Millipore). Fil- Fu, Y., and GalaÂn, J.E. (1998). The Salmonella spp. protein tyrosine
ters were washed twice with 10 ml of an ice-cold solution containing phosphatase SptP is translocated into host cells and disrupts the
20 mM Tris-HCl (pH 8.0), 100 mM NaCl, and 10 mM MgCl2. Filters host-cell cytoskeleton. Mol. Microbiol. 27, 359±368.
were then transferred to vials, solubilized by the addition of 1 ml of GalaÂ n, J.E. (1996). Molecular bases of Salmonella entry into host
2-methoxyethanol (Sigma), and counted in a scintillation counter cells. Mol. Microbiol. 20, 263±271.
using 10 ml of scintillation fluid per vial. For [3H]GDP release assays,
GalaÂ n, J.E., and Bliska, J.B. (1996). Cross-talk between bacterial60 pmol of GST±Rac-1 was incubated in 20 mM Tris-HCl (pH 7.5),
pathogens and their host cells. Annu. Rev. Cell Dev. Biol. 12,1 mM MgCl2, 1 mM DTT, 100 mM NaCl, 40 mg/ml BSA, and 7.5 mM 219±253.[3H]GDP for 45 min at 378C. After this incubation, GTP and MgCl2
GalaÂ n, J.E., Ginocchio, C., and Costeas, P. (1992). Molecular andwere added to the solution to a final concentration of 1 mM GTP
functional characterization of the Salmonella typhimurium invasionand 15 mM MgCl2, and when appropriate, 6.5 pmol of the GST±
gene invA: homology of InvA to members of a new protein family.SopE78±240 was added. Reactions were incubated at room tempera-
J. Bacteriol. 17, 4338±4349.ture, and at the indicated times, aliquots of each reaction were
Garcia±del Portillo, F., and Finlay, B.B. (1994). Salmonella invasionremoved in duplicate and processed for scintillation counting as
of nonphagocytic cells induces formation of macropinosomes in theindicated above.
host cell. Infect. Immun. 62, 4641±4645.
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